Genetic association studies are identifying genetic risks for common complex ocular traits such as age-related macular degeneration (AMD). The subjects used for discovery of these loci have been largely from clinic-based, case-control studies. Typically, only the primary phenotype (e.g., AMD) being studied is systematically documented and other complex traits (e.g., affecting the eye) are largely ignored. The purpose of this study was to characterize these other or secondary complex ocular traits present in the cases and controls of clinic-based studies being used for genetic study of AMD. The records of 100 consecutive new patients (of any diagnosis) age 60 or older for which all traits affecting the eye had been recorded systematically were reviewed. The average patient had 3.5 distinct diagnoses. A subset of 10 complex traits was selected for further study because they were common and could be reliably diagnosed. The density of these 10 complex ocular traits increased by 0.017 log-traits/year (P = 0.03), ranging from a predicted 2.74 at age 60 to 4.45 at age 90. Trait-trait association was observed only between AMD and primary vitreomacular traction (P = 0.0009). Only 1% of subjects age 60 or older had no common complex traits affecting the eye. Extrapolations suggested that a study of 2000 similar subjects would have sufficient power to detect genetic association with an odds ratio of 2.0 or less for 4 of these 10 traits. In conclusion, the high prevalence of complex traits affecting the aging eye and the inherent biases in referral patterns leads to the potential for confounding by undocumented secondary traits within case-control studies. In addition to the primary trait, other common ocular phenotypes should be systematically documented in genetic association studies so that adjustments for potential trait-trait associations and other bias can be made and genetic risk variants identified in secondary analyses.
Introduction
The eye has long been an excellent organ for studying hereditary diseases, in part, because the visual system enables use of our discriminating sense of vision to characterize phenotypes. Genetic association studies on age-related macular degeneration (AMD, Online Mendelian Inheritance of Man, OMIM, 603075), cataract (OMIM 601371), glaucoma (OMIM 137760), and other diseases are unraveling the genetic risks for common complex ocular traits [1] [2] [3] . Other common diseases such as epiretinal membranes are not known to be hereditary, but could influence study endpoints through biases in referral patterns or unknown genetic effects. Genetic association studies have proven a powerful method and important genetic risks have been identified for systemic age-related complex traits such as cancer and coronary artery disease [4, 5] . Many of these studies use clinicbased case-control subjects ascertained for the presence or absence of the primary trait (e.g., AMD) and systematically document phenotypes on few, if any, other complex ocular traits [6] [7] [8] [9] [10] .
The unavailability of phenotypes on other (secondary) ocular traits in a case-control study gives rise to a number of limitations.
Because such clinic based studies are collected from a number of different subspecialty clinics, the inability to account for the diagnoses for which the patient presented could lead to undetected confounding of genetic results. Trait-trait associations that might confound the interpretation of association results, such as the reported increased risk of exudative AMD in eyes with posterior vitreous adherence to the macula or Fuchs endothelial dystrophy (OMIM 610158), cannot be assessed [11] [12] [13] [14] . Genetic risks may alter the risk of related diseases, such as the common risk on chromosome 8q24 for cancer, and it is well established that Mendelian diseases can affect multiple tissues with diseases indistinguishable from the complex traits affecting the eye [4, 15, 16] . Such shared risks are likely to be missed in the absence of systematic phenotyping of common traits affecting an organ.
Equally important to these potential problems is the inability to explore genotypes generated in genome-wide studies for association with secondary ocular traits or even the large number of biomorphic and biochemical variables such as axial length of the eye, corneal thickness, and retinal autofluorescence that influence disease progression [17] [18] [19] . Indeed, some common complex traits, biomorphic features, and biochemical endpoints might never be the subject of a dedicated study because of a perceived lack of value due to the high cost of genetic association studies and the low rate of uncorrectable vision loss due to mild severity or the availability of surgical interventions.
A great deal of work goes into the ascertainment of subjects for disease-specific case-control studies. Some of this effort is specific to each disease. However other factors such as fundus photographs of the macula in studies of AMD can also be used to study the retinal vasculature (e.g., occlusions) and optic nerve (e.g., glaucoma). Similarly, activities such as consent, eye examination, phlebotomy, isolation of genomic DNA, and genotyping would apply to all traits initially. Environmental exposures such as tobacco smoking and body mass index alter the risk of multiple eye diseases and the effort to collect this information would be applicable to a number of complex traits affecting the eye [20] [21] [22] [23] [24] . Certainly, there are complex traits that would require collection of unique medical history information such as asking about atopic dermatitis in a study of retinal detachment; however, most of the answers would be negative and our impression is that the additional work is probably modest. Nonetheless, the documentation of other traits and biomorphic variables would modestly increase the cost of ascertainment, while also greatly increasing the value of the study.
One might argue that the use of clinic-based case-control studies should be minimized in favor of population-based case-control cohorts or family studies as more robust designs for avoiding possible confounding and biases [25, 26] . The major limitation of using these methods is the expense of identifying large numbers of subjects with and without the full spectrum of the primary trait. While population-based case-control studies may be ideal for gene discovery, such studies are rarely available because the full expense of the recruitment, diagnoses, and documentation must be covered by the research program. Family-based association is an excellent strategy for early-onset diseases, but is difficult to apply to agerelated disease where the parents of the proband are often deceased [27] . Thus, clinic-based, case-control studies are a valuable tool for gene discovery because large numbers of subjects can be rapidly and efficiently ascertained and evaluated in a systematic manner. They are likely to continue to be a primary method used in genetic association studies of ocular traits.
The purpose of this study was to better understand the other complex ocular traits affecting the aging eye in the types of clinicbased, case-control studies currently being used by us and others to study the genetics of AMD and other traits. To this end, we documented the density of complex traits present in 100 consecutive patients age 60 or older attending a referral-based vitreoretinal clinic. This information was used to explore the additional information that might be gained by considering secondary ocular traits in genetic-epidemiology studies. The study revealed that most patients age 60 older have greater than 3 distinct diseases affecting their eyes, that most of these diseases were common ocular traits, and that they were typically present at a similar or higher frequency as population estimates. Controls without any other common and potentially hereditary eye diseases were rare. Rather than ignoring the potential confounding of secondary traits, we propose an alternative strategy in which subjects selected based on the presence of a disease be characterized for all other common diseases within that organ system. This approach would enable the detection of genetic risks for secondary traits while accounting for any stratification, confounding, or association between traits and other variables using standard statistical methods. The proposed ''multiple-trait case-control study'' employing several binary traits is analogous to traditional cohort studies in which the incidence of multiple quantitative traits are ascertained. These observations are important for the design of large-scale genome-wide association studies studying ocular traits and possibly for the study of other organ systems.
Results

Density of Complex Ocular Traits
In order to determine the density (number of traits per patient) of traits affecting the aging eye, the systematically documented diagnoses of 100 consecutive patients seen in the clinic for the first time for any reason from one retinal specialist were extracted from the medical record (Table 1 ). An average of 3.5 distinct diagnoses was observed in the 100 consecutive patients ( Table 2 ). The 10 common complex traits listed in Table 1 accounted for 2.5 of these distinct diagnoses (Table 2 ). Only one of the 100 patients did not have at least 1 of the 10 common complex traits listed in Table 1 . The density of complex traits in the 45 males was 2.5 compared to 2.6 in the 55 females (P = 0.70, Poisson regression).
Effect of Age on Density of Complex Ocular Traits
A scatter plot of year of age versus the density of the ten complex ocular traits listed in Table 1 for each patient shows a trend toward an increase in density with age ( Figure 1A ). Poisson regression modeling showed an effect of age (P = 0.03) and estimated a rate of increase of 0.01760.0074 log-number of complex traits per year across the age range represented in this study (ages 60-94). Using logistic regression, AMD (P,0.0001) and glaucoma (P = 0.01) were observed to increase with age ( Figure 1B ), while the frequency of posterior vitreous detachment (PVD) and vitreomacular traction (VMT) were not influenced by age. An effect of age was not observed for the combined frequency of the 8 complex traits remaining after removing AMD and glaucoma from the analysis (P = 0.66).
Gender-Trait, and Trait-Trait Associations
Exploratory analyses were performed looking for gender-trait and trait-trait associations. Fisher's exact test was used to test for association with gender for all traits with at least 5 patients with the trait and 5 patients without the trait. No gender-trait association was observed for Fuchs, AMD, glaucoma, PVD, VMT, retinal vascular occlusion (RVO), or retinal tears. The low frequency of conditions thought to be associated with gender (e.g., VMT), may explain the failure to observe an association.
Trait-trait associations were assessed for each of the ten complex traits having at least 10 patients with and 10 patients without the trait (AMD, Glaucoma, PVD, VMT). The only significant association was AMD with VMT (P = 0.0009) in which VMT was protective. The distribution was as follows: AMD/VMT 4, AMD/No VMT 50, No AMD/VMT 16, and No AMD/No VMT 30. Since both eyes were always examined, it is unlikely that the VMT obscured the diagnosis of AMD, which usually affects both eyes. This observation probably reflects a referral bias in which patients with AMD and VMT are not referred for surgery for VMT, thus leading to a decrease in the number of subjects with AMD and VMT.
Modeling of power to detect association with secondary traits in a genetic association study
We sought to determine the odds-ratio of a genetic effect that could be detected in a case-control study based on this clinic-based study. Using the frequencies of traits observed in the 100-person sample, we extrapolated to a similar hypothesized clinic-based sample of 2000 subjects. The 2000 subjects effectively form a cross-sectional study, where one defines diseased and not-diseased then analyzes with logistic regression models with estimation of odds-ratios for each genetic variant (a case-control study). The analysis enabled an estimation of the information on secondary traits that would be ignored in most ocular case-control studies. Specifically, we tested the hypothesis that comprehensive phenotyping of common ocular traits would enable discovery of genetic risks for secondary traits. The genotype data would be re-analyzed after re-coding cases and controls based on each secondary trait. The analysis showed that even this primitive ascertainment strategy, without any effort to increase the representation of less common traits, would have enabled detection of genetic risks for most of the traits (see Table 1 for observed frequencies of each trait). For example, at a significance level of 0.05, a modest genotypic effect of OR = 2.0 would have been detected in 6 of the 10 traits when the minor allele frequency was between 0.10 and 0.20 and 9 of the 10 traits when the minor allele frequency was 0.40 (Table 3 ). There was sufficient power to detect odds-ratios of 1.7, 1.7, 1.6, and 1.6 for the four most common traits glaucoma, PVD, AMD, and VMT, respectively. When the number of markers tested increases, as in the case of genome-wide association studies with a significance level of 0.00001, a modest genotypic effect of OR = 2.0 would have been detected in 4 out of the 10 traits when the minor allele frequency was 0.20 and 6 out of 10 traits when the minor allele frequency was 0.40 (Table 3 ).
Discussion
We show that the average patient age 60 or older has at least 3.5 distinct ocular diseases or traits, and that the majority of these diseases arise from common complex traits affecting the eye. Further, we show that some traits steadily increase with age, but that others do not appear to increase after the age of 60 years. Finally, we show that comprehensive documentation of secondary common complex traits affecting the aging eye would substantially increase the value of a genome-wide genetic association study.
We chose to use clinic-based cases and controls from a subspecialty clinic, because this represents the most common method used to ascertain patients for genetic case-control studies of eye diseases. Such samples are easily collected during the course of routine patient care. Further, large numbers of affected subjects with broad representation of the spectrum of disease and its complications can be collected in this manner, which is typically not possible with population-based approaches due to financial constraints. It is important to realize the limitations of clinic-based, case-control studies. The frequencies of traits do not necessarily reflect the underlying population prevalence and they tend to over-estimate population parameters such as relative risks and attributable fractions. Further, replication is essential for all genetic association results, regardless of the study design [28] . Table 2 . Density of complex ocular traits in 100 consecutive patients age 60 or older arranged by presenting diagnosis.
Presenting Diagnosis
Number of Patients
Average number (standard error) of distinct diagnosis for the 20 observed traits Average number (standard error) of the 10 complex traits in Table 1 Range of the 10 complex traits in Table 1 Age Additional concerns in the use of case-control studies are the potential for selection bias and the possibility of confounding due to unmeasured differences between case and control status that are associated with genetic exposures. One manner is which this could arise might be from referral patterns to the specific physicians from which the case or control subjects are being collected. Thus, an additional benefit of documentation of secondary complex traits affecting the eye would be to account for such effects using standard statistical techniques. At this time it is largely unknown if this type of confounding exists in genetic association studies of ophthalmic or other traits. Thus, our identification of association between vitreomacular traction and AMD is of particular interest.
The observation that patients with vitreomacular traction were less likely to have AMD, was unexpected because previous studies have suggested it might be a risk factor for exudative AMD [11, 13, 29] . Our observation likely is due to referral biases, where patients with vitreomacular traction who also had AMD were not referred for surgical management.
Even though the examiner of the 100 consecutive subjects in this study routinely documents all ocular traits including the ten in Table 1 , we recognize that traits are missed due to the distractions that occur in a busy clinic. Thus, our estimate of the density of common complex traits is very likely under-estimated. Prospective examination with photographic documentation and quantitative Table 1 versus age for all 100 patients. A, The plotted points are the observed data and the line depicts the modeled relationship between age and density. B, The modeled probability of patients having AMD and glaucoma as a function of age using the logistic regression model. doi:10.1371/journal.pone.0002510.g001 Table 3 . Odds-ratio for association between genotypes and traits that might be detected with a power of 0.8 at the specified minor allele frequency. Table 1 . ** Power was estimated assuming a log-additive genetic model, significance levels of 0.05, 0.001, and 0.00001, complete linkage disequilibrium between the single nucleotide polymorphism (SNP) studied and the genetic variant underlying the association, and the population prevalence estimates shown in Table 1 .
*** grading would be preferred when possible for genetic association studies. Nonetheless, we sought to compare the observed frequency of complex traits in our 100 patients to the previous reports of prevalence of the ten common complex traits (Table 1) , because this information is important in designing future studies using case-control studies. Prevalence studies of corneal guttae have not been performed in North American populations. The Reykjavik study estimated an overall 9% prevalence in a Caucasian population, while a study on Asians estimated 3.5% to 6.5% depending on the population [30, 31] . ABMD may be present in about 5% of the population, based on a prior prevalence study in North Americans [32] . The prevalence of cataract was estimated to be about 50% [33, 34] . The much higher prevalence in our patients is due to the difference in definition of the age-related lens changes to diagnose a cataract, since almost all patients have some age-related lens change by the age of 60. Use of one of the quantitative scales would be preferred for a genetic association study [35] . The prevalence of pseudoexfoliation varies greatly across populations, and no previous studies appeared to be a good fit the population of Minnesota and an estimate of 5% was assumed based on other populations [36] [37] [38] .
The much higher prevalence of AMD in our patients, compared to the population estimate of 15%, is due to referral bias, since this was the leading cause of presenting diagnosis [39] . The population prevalence of glaucoma is about 5% based on the Beaver Dam study [40] . The observed prevalence of posterior vitreous separation in our study was similar to published reports [41] . The prevalence of epiretinal membranes and retinal vascular occlusion in the Blue Mountains Eye Study was about 10%, and 2% respectively [42, 43] . The prevalence of retinal tears in autopsy eyes was 3.3% [44] . These latter three traits are also common reasons for referral. Thus, with the exception of the traits representing common reasons for referral to the examiner and the lower threshold for diagnosis of cataract, the observed prevalence of these 10 complex traits is a reasonable approximation to published reports (Table 1) . It was notable how little prevalence information, population-based or otherwise, was actually available for most common ocular traits in North America.
Genetic association studies on age-related ocular traits often use age 60 or older for controls, under the assumption that subjects in this age range are unlikely to develop the trait under study at a later age. Our observation of a steady increase in the density of complex traits with age might be explained by only older subjects symptomatic or having vision threatening eye diseases coming to the clinic. We have no method for controlling for this possibility, but our observations are consistent with the already established increase in disease prevalence for AMD, glaucoma, and RVO [40, 43, 45] . Further, for PVD which is known to stabilize with age, we did not observe an age-dependent increase [46] . Thus, the selection of an age-cut off for controls should be selected based upon the age-dependent prevalence of the disease or preferably either frequency or exact matched for age. The commonly held opinion that age 60 is the lowest acceptable minimal age for controls used in studies on AMD, glaucoma, and other eye traits is not supported by our data.
In addition to these complex traits affecting the eye, there are a number of quantitative biomorphic and biochemical variables of interest in eye development and disease risk. For example, central corneal thickness has been associated with risk of development of glaucoma and many investigators believe that macular pigment and macular autofluorescence alter the risk of macular degeneration [17, 19, 47] . Although there are few studies exploring the heritability of such quantitative variables in humans, available evidence suggests that biomorphic ocular variables are highly hereditary [48] [49] [50] [51] [52] . In addition to demographic and epidemiological variables such as dietary and drug exposures, these variables should be considered for inclusion in a comprehensive study of complex ocular traits.
The density of complex traits in these patients and our modeling studies suggest that future studies of complex ocular traits would benefit from the systematic documentation of secondary traits. An ascertainment strategy that focused on the diseases of highest priority (e.g., AMD, glaucoma, Fuchs, cataract) could be employed to optimize the case-control study for detection of other traits of secondary interest. There is substantial evidence that many of the common traits have genetic influences, as illustrated in Table 1 . Of course, the lack of strong evidence does not imply the absence of a genetic effect as was recently demonstrated for pseudoexfoliation [3] . Inclusion of biomorphic and biochemical endpoints would further expand the value of the study. This type of approach would offer advantages over the standard approach looking at a single trait including the ability to look for shared genetic risks directly, the ability to detect trait-trait association, and overall lower cost. Although our model for this study was the aging eye, there is evidence that similar concepts apply to other organs such as the skin [53] .
A number of study designs are available to study common complex traits. The Wellcome Trust Case Control Consortium used a pool of unexamined subjects as the controls for each of the seven traits studied [54] . While this is a reasonable approach, it does not appear to have any major advantages over sequentially studying secondary traits in a case-control study. For example, both could be influenced by referral biases and geographic differences in genetics or exposures. Further, the unexamined control strategy results in loss of power for very common traits, because a certain proportion of the controls have disease. The approach we are suggesting can control for the various biases in subject ascertainment and exposures, maximizes power because all subjects are phenotyped, and minimizes genotyping costs because most (or all) subjects have one or more diseases of clinical interest.
Methods
Patient chart review
This retrospective chart review was approved by the institutional review board of the Mayo Clinic and patient consent was not required. The data was extracted twice and any discrepancies resolved by the first author. The initial visit was reviewed first and subsequent visits reviewed to look for diseases present at the first examination, but that were not documented. Although this study is retrospective, the retina specialist performed a systematic and comprehensive eye examination documenting all ocular diagnoses, including the complex traits listed in Table 1 on all patients examined during their initial visit. Note that these common traits extracted from the medical record were selected in advance, prior to the start of the study, because they are documented on most visits due to their relevance to the performance or complications of surgery and/or potential impact on vision. Thus, the number of diagnoses overlooked is expected to be modest. Age and gender were recorded in order to stratify the density of complex traits by these two variables. The final diagnosis underlying the reason for the patient's initial consultation was recorded as the presenting diagnosis. Ethnicity was not considered in the analysis because over 90% of the patients were Caucasian, reflecting the frequency of this population in southeastern Minnesota.
The diagnostic criteria followed standard clinical criteria. The diagnosis of AMD was made based on a published classification system [55] . Fuchs was diagnosed based on having two or more central guttae similar to a previously published scale [56] . Cataract was diagnosed based on any discoloration or opacification of the nucleus or cortex or prior cataract surgery, PVD based on the presence of a Weiss ring or a visible posterior hyaloid by examination or ultrasound. Glaucoma was based on optic nerve damage attributed to glaucoma. The other diseases were documented using standard clinical criteria.
Primary complex traits and all distinct diagnoses were recorded. Complications of primary diseases, such as retinal edema from branch retinal vein occlusions, were not extracted. Refractive errors were not recorded because of the absence of refractive status prior to cataract surgery and the absence of important refractive components such as axial length. Posterior staphylomata from high myopia were not recorded because of the lack of an ophthalmic ultrasound to record the diagnosis accurately, but myopic degeneration of the RPE and retina was recorded as an accurate marker of myopic degeneration. Secondary diagnoses such as epiretinal membranes from trauma or glaucoma from surgical complications were not included. Drusen insufficient to meet the diagnosis of AMD were not considered a diagnosis. Extraocular conditions such as blepharitis and ptosis were not extracted.
Statistical analysis
This study was primarily descriptive with the goal of determining the density (number per patient) of complex ocular traits affecting a clinic-based study of patients age 60 or older. Poisson regression models were fit to assess the effect of age and gender on the density of the 10 complex ocular traits in Table 1 and likelihood ratio rests were used to assess the significance of age and gender. Fisher's exact tests were used to test for association between the presence or absence of a trait and gender (traitgender) and another trait (trait-trait). Logistic regression was used to model the association between traits (presence or absence) and age and tests for association were completed using likelihood ratio tests. Significance results (p-values) are presented without correction for multiple testing.
Modeling of power to detect association with secondary traits in a genetic association study The traits observed in the 100 consecutive patients were extrapolated to create a hypothetical clinic-based study of 2000 patients. The odds-ratio that could be detected with power of 0.8 given the frequency of each trait and a minor allele frequency of 0.1, 0.2, and 0.4 were calculated. Power for the main analysis of AMD and the secondary eye traits was computed assuming a logadditive genetic model, complete linkage disequilibrium between the SNP and the causative variant, and a population-based estimate of the prevalence of each trait. Varying significance levels were used to adjust for multiple testing of many variants, namely, 0.05 for one variant, 0.001 for multiple variants in a single gene, and 0.00001 for multiple variants across the genome.
